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Long stretches, at least 68 amino acids in length~ of the 
channel-forming  coIicin  Ia  can  be  driven  by voltage 
through a lipid biIayer membrane, to emerge into the 
aqueous  phase on the other side.  One would assume 
that electrostatic energies would prohibit such a large 
region of predominantly polar residues from crossing a 
low dielectric bilayer. That this unexpected transloca- 
tion  does  in  fact  occur  has  been  elegantly  demon- 
strated by Qiu et al.  (199'6)  in  this issue.  Their work 
suggests  that the colicin molecule itself must  contain 
powerful machinery to effect such a translocation. 
For as long as 30 years, the view has been held that 
small channel-forming antibiotics function by "flipping" 
from membrane-solution interfaces to membrane-span- 
ning configurations and that voltage could drive these 
changes  (Muelter and Rudin,  1968). During that time, 
the antibiotic proteins called colicins became of partic- 
ular interest to microbiologists when they realized that 
different colicins killed their targets through different 
biochemical  mechanisms  (Nomura,  1963).  Investiga- 
tors found that coIicins of the E1  class killed their tar- 
gets  by forming channels  in  the  inner  membrane  of 
bacteria  (Schein  et al.,  1978). Although  the channel- 
forming  colicins  were  known  to  be  large  proteins, 
weighing in at some 60 kD, the flipping paradigm for 
short  channel  molecules  was  extended  to  include 
them. It was imagined that multiple small regions of a 
colicin would flip and then associate with each other to 
form  the  resulting  channel.  The  single  hydrophobic 
segment of the molecule, consisting of 35-45 residues 
(depending on the precise molecule in the class), was 
hypothesized to insert as a hairpin loop into the bilayer 
(Cleveland et al., 1983). Other regions of the molecule 
were believed to insert in hairpin shapes under the in- 
fluence of voltage. 
Direct confirmation for voltage-driven insertion came 
from photolabeling experiments of colicin E1  in lipo- 
somes (Merrill and Cramer,  1990). When bound, a re- 
gion of protein became labeled by a photoactivated li- 
pophilic  probe.  This labeled segment was  thought to 
be the hydrophobic portion (although this was not ex- 
plicitly shown)  since  it  is  expected to  have  a  natural 
propensity to reside within  membranes.  Whether  the 
hairpin loop forms part of the lining of the channel or 
merely serves as a membrane anchor remains a subject 
of debate. When a diffusion potential was imposed with 
the interior of the liposomes negative (as is the case in 
bacteria),  an  additional  36-residue region became la- 
beled by the  lipophilic reagent.  Furthermore,  the  re- 
gion labeled by the probe became less exposed to the 
aqueous  solution  as  assessed  by monitoring  the  loca- 
tion of tyrosines within the stretch. When the diffusion 
potential was  allowed to dissipate  through  the  nonse- 
lective open colicin channels before activating the lipo- 
philic label, less tagging resulted. This showed that the 
voltage-inserted region  flipped back out of the  mem- 
brane  when  voltage  was  not  maintained.  In  other 
words,  protein  inserted  by  negative  voltages  flipped 
back into contact with  the  original aqueous  compart- 
ment when that potential was removed. This flipping is 
observed electrophysiologically as an activation of chan- 
nels by negative voltages, deactivation by positive ones. 
The nature of the flipping mechanism suggested that 
if any translocated residues were to be "grabbed" and 
held within the cis-aqueous phase to which colicin had 
been added, activation voltages should no longer lead 
to channel turn-on. Similarly, if any residues that com- 
prised the loop of the hairpin could be "clasped" onto 
from the opposite, trans-aqueous phase, turn-off by de- 
activation voltages should be eliminated. This plan was 
implemented in Slatin et al.  (1994) by attaching biotin 
to unique  cysteines introduced into colicin Ia by site- 
directed mutagenesis. Adding streptavidin, a membrane- 
impermeant protein  that binds  biotin  effectively irre- 
versibly, locks the biotin within the aqueous phase. By 
this method Slatin et al.  (1994) found that at least 31 
residues  (511-541)  of the  626-residue  Ia  completely 
translocated  from one  aqueous  solution  to the  other 
during turn-on and turn-off of channels. 
These results have now been further strengthened by 
technical  improvements  that  eliminate  some  ambigu- 
ities in interpretation  (Qiu et al.,  1996). Principally, it 
was unclear whether the residue itself or only the biotin 
resided  within  the  aqueous  phase.  This  uncertainty 
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Volume 107  March 1996  307-310 FmURE  1.  The folding pattern of open colicin Ia channels. The 
hydrophobic segments,  denoted by cylinders,  are inserted in the 
bilayer in the form of a hairpin loop. Voltage drives residues  474- 
541 across the membrane from the cis aqueous phase, where they 
reside when channels are closed, to the trans phase.  The residues 
explicitly numbered have been identified by Qiu et al. (1996) to lie 
within either the aqueous phases or within the membrane as indi- 
cated. The positions  of the residues within the transmembrane do- 
mains have, however, not yet been well identified.  Biotin attached 
to residues  474, 490, and 511 were easily reached by streptavidin 
placed  trans, but poorly exposed when attached  to residues  540 
and 541. If an upstream residue that normally translocates  during 
channel opening is restrained by streptavidin  (illustrated  here for 
residue 490),  all the residues  further upstream are thought to be 
held back and an alternate transmembrane domain results  (illus- 
trated by dashed line). The residues included in the new transmem- 
brahe domain are not known, nor is the precise position where the 
string emerges on the trans side. 
arises because biotin is coupled to the sulfhydryl of cys- 
teine  via  linkers.  These  linkers  can  reach  significant 
lengths as compared to the thickness of bilayers. Qiu et 
al.  (1996)  have  now  bypassed  this  problem  by  using 
spacers  that link  to the cysteine via reducible  disulfide 
bonds.  They  demonstrated  that  the  disulfide  bonds, 
and  therefore  the  immediately  adjacent  cysteine  resi- 
dues,  are  in  aqueous  spaces:  membrane-impermeant 
reducing agents  reverse  streptavidin's  ability to inhibit 
turn-on  and  turn-off.  Qiu  et  al.  (1996)  could  thereby 
clearly show that 68 residues  (474-541, see Fig. 1) com- 
pletely  pass  through  the  membrane.  Some  part  of 29 
downstream  residues  (544-572)  form  one  transmem- 
brahe  domain  which  moves  in  and  out  of the  bilayer 
with voltage. The exact location of the upstream  trans- 
membrane domain has not yet been determined. 
The  question  arises:  how can  such  a  long stretch  of 
polar  residues  cross  the  bilayer  from  cis  side  to  the 
trans side for channel turn-on? And how can the entire 
stretch  of residues  perform  the  equally  unanticipated 
feat  of recrossing  the  bilayer from  trans  to cis  during 
turn-off?  Qiu  et  al.  (1996)  present  evidence  that  sug- 
gests  that part of the  translocation  region initiates  the 
crossing,  with  adjacent  sections  following  in  a  snake- 
like  fashion,  rather  than  the  entire  stretch  crossing si- 
multaneously. While colicin wa~s bound to the membrane, 
they anchored residues of the normally translocated re- 
gion to the  cis side with streptavidin  in the  c/s-aqueous 
phase.  If  the  entire  68-residue  stretch  remained  in 
place,  there  should  have  been  an  absence  of channel 
activity. When  the downstream  residues  of the  stretch 
were  anchored,  normal  activity was  eliminated  as  ex- 
pected  (although  unusually  noisy,  aberrant  currents 
could result).  In contrast, when the more upstream  res- 
idues  were  anchored  (e.g.,  residues  454,  466,  474,  or 
490),  channels  did  form,  although  voltages  somewhat 
higher  than  normal were  necessary.  One  of the  trans- 
membrane  domains  would  normally be just  upstream 
of the  68-residue  stretch  and  streptavidin  should have 
prevented  it  from  inserting  in  the  membrane.  Aside 
from the unlikely possibility that a  still more  upstream 
region  than  tested  here  crosses  the  membrane,  resi- 
dues  downstream  of the  anchored  residue  must  pro- 
vide a  new membrane-spanning  domain  (Fig.  1,  dotted 
line). This suggests that colicin has the remarkable abil- 
ity to appropriate  alternate  sections of itself as a  trans- 
membrane  domain  when  necessary  to form  channels. 
In  other  words,  a  stretch  of  protein  that  normally 
would cross the membrane  can remain  inserted  in the 
membrane to form part of the channel wall. 
The structure  of the water-soluble  form of the chan- 
nel-forming domain  of colicin A, a  member  of the  E1 
class, has been crystallographically determined  (Parker 
et  al.,  1992),  and  high-resolution  structures  of  the 
channel-forming  domain  of colicin  E1  (Cramer  et al., 
1995)  and of the entire  Ia  (Ghosh  et al.,  1994)  should 
be forthcoming soon. The domain consists of three lay- 
ers,  each  comprised  of a  few "-helices.  The  two  outer 
polar layers, connected by a helix and flanking random 
coils, shield the interior hydrophobic layer from water. 
The  68-residue  stretch  contains  helices  from  both 
outer layers as well as the entire connection. The down- 
stream  transmembrane  domain  of the  identified  hair- 
pin  is  made  of residues  from  one  of the  polar  layers 
while  the  upstream  transmembrane  domain  is  re- 
cruited  from  residues  of the  other  polar  layer.  Thus, 
the  reconfiguring  from  the  water-soluble  form  to  the 
channel form is clearly extensive. 
Chimeras can now rationally be constructed with the 
channel-forming  translocation  region  of  one  colicin 
swapped for that  of another.  Such chimeras would de- 
termine if activation and deactivation properties, which 
vary between  colicins  in  easily  recognizable  ways,  are 
conferred  by  the  translocation  regions.  Perhaps  re- 
gions  of unrelated  proteins  not  evolved  for transloca- 
tion across membranes can be swapped in to determine 
whether  the  colicin  translocation  machinery is  power- 
ful  enough  to force these  regions  to cross membranes 
as well. 
The  ability of proteins  to cross lipid  bilayers  by selI= 
translocation may not be confined to colicins and other 
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of many toxins that gain access to cell interiors are sep- 
arate domains that have been well identified. For some 
of these toxins, including tetanus, diphtheria, and bot- 
ulinum, the translocation domain can form channels in 
lipid bilayer membranes (Hoch et al., 1985). While it is 
not yet known whether channel formation is an impor- 
tant step toward entry of the enzymatic fragments, the 
very fact that  a  toxin  forms  channels  suggests  that  it 
possesses self-translocation machinery. 
A  standard  method  for  determining  which  amino 
acids  of a  channel  sense  voltage  is  to strip  candidate 
residues  of their charge and  compare the voltage de- 
pendence of the mutated protein to that of wild type. 
However,  so  far  this  method  has  not worked  for co- 
licins,  even when  residues  in  the  translocated  region 
have been mutated.  Several independent lines  of evi- 
dence show that His 440 of colicin E1  (corresponding 
to  Lys  544  in  Ia  when  sequences  of E1  and  Ia  are 
aligned)  crosses the bilayer during channel gating. La- 
beling experiments of Merrill and Cramer  (1990)  and 
the  pH-titration  curves for ion  selectivity when  a  car- 
boxylate is introduced at position 440 of E1  (either by 
mutation  or  chemical  reaction;  Abrams  et  al.,  1991) 
place  the  residue  on  the  trans side  of the  membrane 
when channels are open. In addition, Qiu et al.  (1996) 
find that Lys 544 of Ia resides within  the  cis-aqueous 
phase  when  channels  are  closed;  when  channels  are 
open,  it  has  moved  almost  entirely across  the  mem- 
brane but has not quite entered the trans-aqueous phase. 
Contrary to an initial report (Abrams et al., 1991), mu- 
tating His 440 of E1 to neutral residues does not affect 
voltage dependence of deactivation. Furthermore, mu- 
tating any of the other charges in the identified translo- 
cation region of E1 to neutral residues, sometimes sev- 
eral charges at once, does not alter the measured volt- 
age dependence  (Cramer et al.,  1995;  Finkelstein, A., 
K.S.Jakes, and S.L. Slatin, personal communication). It 
may simply be that the residues responding to voltage 
lie outside the region identified for E1 by Cramer and 
Merrill  (1990), but within the much larger region that 
Qiu et al.  (1996) have now delineated. 
The physical explanation for voltage dependence in 
colicins could, however, be more complicated because 
redistribution of charges carried by proteins is likely to 
be quite  complex in low dielectric environments.  For 
example, if a  charged amino acid, such as His 440, re- 
tained  its  charge  while  moving  through  the  entire 
membrane potential, it would contribute to voltage de- 
pendence. But experimentally it does not. The image 
charge barrier (the energy required for a charge to po- 
larize a low dielectric bilayer) may be large enough to 
prohibit basic and acidic amino acids from crossing bi- 
layers in their charged forms and may cause large shifts 
in pK that favor the neutral form. Upon entering the 
bilayer, normally charged residues could become elec- 
trically neutral. The basic residues may deprotonate (or 
conversely, acidic residues protonate)  to their neutral 
form when  entering  a  membrane  and  thereby avoid 
the  charge barrier  (Cramer et al.,  1995).  They would 
move across the membrane in their neutral form, and 
protonate when leaving. Or it may be that the barrier 
favors  formation  of  salt  bridges  between  basic  and 
acidic residues. Whatever the specific mechanism,  the 
applied  voltage  must  be  acting  on  some  charges  to 
cause  movement  of regions  of protein  across  the  bi- 
layer. It is  possible  that some of the  charged residues 
within the large translocation region identified by Qiu 
et al.  (1996)  retain their charge but others do not. Al- 
ternatively, the partial charges that arise from asymmet- 
ric  electron  distributions  of covalent  bonds  between 
different atoms could be conferring the voltage depen- 
dence. 
What portion of the protein can  sense  the voltage? 
When Ia's kin, El, was bound to liposomes, sites within 
a  stretch  of roughly 50  residues  were  exposed  to  as- 
sorted  proteases  (Zhang  and  Cramer,  1992).  This 
stretch corresponds to the upstream portion of the 68- 
residue  translocation  region  identified  by  Qiu  et  al. 
(1996)  and somewhat more upstream residues.  If this 
stretch  is  not  in  close  contact  with  membranes,  it 
should  not  respond  to  voltages  while  the  protein  is 
bound.  The  downstream  section  of the  translocation 
region, more tightly associated with bilayers when pro- 
tein is bound, would be the section more likely to re- 
spond to voltage. 
Now that  the structure  of colicin channels is better 
determined, we can also begin to ask what, if anything, 
is the purpose of this unexpectedly long open-channel 
loop on the trans side. Is it a biological tool used to in- 
sert the transmembrane  domains into the bilayer that 
ceases  to  have  a  function  once  this  has  been  accom- 
plished? Or does the long loop structure have some in- 
dependent  function?  It  is  recognized  that  aqueous 
loops control some  properties of eucaryotic channels 
(Catterall,  1992).  Understanding  the  function  and 
movements of the  long aqueous  loop and  its interac- 
tions  with  transmembrane  domains  of the  relatively 
simple colicins may therefore have relevance to eucary- 
otic channels. 
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